Infection by the intracellular fungal pathogen Histoplasma capsulatum causes a fatal disseminated infection in immunocompromised individuals (14) . In mice, impaired immunity results from a diminished TH1 immune response and/or an increased TH2 immune response (3-5, 8, 16) . Production of gamma interferon (IFN-␥), a TH1 cytokine, promotes resolution of an infection by activating macrophages (M) harboring yeast cells (4, 51) . These M, termed classically activated M, produce nitric oxide (NO), resulting in yeast cell degradation (7) . Tumor necrosis factor alpha (TNF-␣) signaling also promotes production of NO and protective immunity (5) . In contrast, excessive production of interleukin-4 (IL-4), a TH2 cytokine, is associated with alternative M activation (43) and dampens the protective immune response (2, 3, 8, 43) .
A principal source of IL-4 is the CD4 ϩ T cells (25, 35, 46) . Basophils also produce IL-4 and induce CD4
ϩ T cells to generate this cytokine in an antigen-dependent manner upon helminth infection or allergic inflammation of the airways (35, 41, 50) . In addition, presentation of microbial antigen by dendritic cells (DC) influences T cell polarization, but the mechanisms that determine whether TH1 or TH2 cells are dominant are not fully understood. In the presence of IL-4, DC stimulate CD4 ϩ T cells to transcribe IL-4, resulting in an amplified TH2
response (31) . Increased surface expression of the Notch ligand Jagged 1 on human DC (29) or of Jagged 2 on murine DC (48) and decreased expression of the maturation marker CD40 (22) promote a TH2 phenotype as well. In contrast, pathogens that induce production of IL-12 by DC promote TH1 polarization and simultaneously inhibit IL-4 production (30) . The chemokine receptor CCR2 contributes to DC recruitment to inflamed tissues. This receptor is necessary for monocyte egress from bone marrow (40) ; hence, a lack of CCR2 results in reduced numbers of monocytes and monocyte-derived DC in infected tissues and lymph nodes (1, 20, 28, 37) . In some infections and autoimmunity models, CCR2 is required to maintain a TH1 response (19, 33, 36, 38, 45) . Diminished recruitment of monocyte-derived DC to lymph nodes in CCR2
Ϫ/Ϫ mice immunized with ovalbumin (OVA)-incomplete Freund's adjuvant or influenza virus-infected mice results in decreased IL-12 and TH1 cytokine production (33) . Impaired recruitment of DC to lungs of Cryptococcus neoformansinfected CCR2
Ϫ/Ϫ mice is associated with a detrimental shift from a TH1 dominant response to a TH2 dominant response (34, 44, 45) , and in H. capsulatum-infected CCR2 Ϫ/Ϫ mice there is a similar decrease in the number of DC that correlates with elevated IL-4 levels and impaired immunity despite significant production of TH1 cytokines (43) .
We investigated whether decreased recruitment of DC to lungs of H. capsulatum-infected CCR2 Ϫ/Ϫ mice influences regulation of IL-4 production. Adoptive transfer of bone marrowderived dendritic cells (BMDC) to CCR2 Ϫ/Ϫ mice not exposed to yeast (Ag-free BMDC) did not suppress IL-4 transcription and exacerbated infection. However, transfer of H. capsulatum antigen-exposed BMDC (Ag-BMDC) suppressed IL-4 produc-tion. Expression of CCR2 or in vitro maturation of Ag-BMDC was not required for IL-4 regulation. We investigated the mechanism by which Ag-BMDC decreases IL-4 generation in lungs. Ag-BMDC expression of major histocompatibility complex class II (MHCII) was necessary for limiting IL-4 generation, suggesting that suppression of production was due to interaction with MHCII-restricted CD4 ϩ T cells. Furthermore, depletion of CD4 ϩ T cells beginning prior to infection reduced IL-4. The immunity-dampening effects of CD4 ϩ T cells were demonstrated in CD4-depleted CCR2 Ϫ/Ϫ mice that received Ag-BMDC. These mice contained an increased number of CD8 ϩ T cells, which was associated with a decrease in the fungal burden and with survival.
MATERIALS AND METHODS
Mice. Male C57BL/6, B6.SJL-Ptprc (CD45.1), and MHCII Ϫ/Ϫ mice and breeding pairs of CCR2 Ϫ/Ϫ mice with a C57BL/6 background were purchased from Jackson Laboratories (Bar Harbor, ME). CCR2 Ϫ/Ϫ mice were backcrossed for Ͼ9 generations. Animals were housed in isolator cages and were maintained by the Department of Laboratory Animal Medicine, University of Cincinnati, which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. All animal experiments were performed in accordance with the Animal Welfare Act guidelines of the National Institutes of Health, and all protocols were approved by the Institutional Animal Care and Use Committee of the University of Cincinnati. Preparation of H. capsulatum and infection of mice. H. capsulatum yeast strain G217B was grown for 72 h at 37°C as previously described (4) . To produce infection in mice, animals were inoculated intranasally (i.n.) with 2 ϫ 10 6 H. capsulatum yeast cells in ϳ30 l of Hanks balanced salt solution (HBSS) (Mediatech, Manassas, VA). To heat kill H. capsulatum, we incubated yeast cells at 60°C for 30 min. G217B expressing green fluorescent protein (GFP) was generated as described previously (10) .
Generation of BMDC. Bone marrow was isolated from the hind tibias and femurs of 5-to 6-week-old mice by flushing the bones with HBSS. Isolated cells were added at a concentration of 2 ϫ 10 5 cells/ml to 50 ml of RPMI-1640 supplemented with 10% fetal bovine serum, 0.1% gentamicin sulfate, and 0.005% 2-mercaptoethanol. Cells were treated with 10 ng/ml of mouse granulocyte-M colony-stimulating factor (GM-CSF) (Peprotech, Rocky Hill, NJ) to stimulate differentiation and were cultured at 37°C in the presence of 5% CO 2 . Bone marrow cells were fed using an additional 50 ml of medium and 10 ng/ml GM-CSF at days 3 and 6 after isolation. FMS-related tyrosine kinase 3 (FLT3)-expanded BMDC were obtained just like GM-CSF-derived BMDC, except that the cells were cultured with 300 ng/ml FLT3. At days 8 to 10, the nonadherent CD11c ϩ BMDC were enriched with CD11c ϩ microbeads (Miltenyi Biotec, Auburn, CA). The enriched cells were Ͼ80% CD11c ϩ .
Adoptive transfer of BMDC. BMDC from wild-type (WT) or CCR2
Ϫ/Ϫ mice were isolated as described above. On days 7, 5, and 3 before infection 1 ϫ 10 6 to 2 ϫ 10 6 BMDC were administered i.n. in ϳ30 l of HBSS to CCR2 Ϫ/Ϫ mice. For experiments in which CCR2 Ϫ/Ϫ mice were given matured and yeast cell-exposed BMDC, the cells were treated with 5 g/ml anti-CD40 (clone 3/23; BD Biosciences, San Jose, CA) and 1 g/ml lipopolysaccharide (LPS) (23) to induce maturation plus heat-killed H. capsulatum at a ratio of yeast cells to DC of 8:1 for 4 h. As a control, DC were treated with LPS and anti-CD40 but were not exposed to yeast cells; these cells were considered mature. Immature DC were not exposed to LPS, anti-CD40, or yeast cells. For experiments in which H. capsulatum soluble cell wall membrane and cell wall (CW/M), heat shock protein 60 (HSP60), or ovalbumin (OVA) (Sigma-Aldrich, St. Louis, MO) was used as a source of antigen, the concentration used was 5 g/ml. CW/M and HSP60 from H. capsulatum were prepared as previously described (17, 39) ; CW/M is composed principally of glycoproteins. CD4 ؉ T-cell depletion. For experiments in which CD4 ϩ T cells were depleted at the start of infection, mice were given 100 g of anti-CD4 (clone GK1.5) in 500 l HBSS at the time of infection and 3 days postinfection. Depletion prior to infection was accomplished by administering the monoclonal antibody (MAb) 7, 5, and 3 days prior to infection and at the time of infection. This treatment resulted in Ͼ95% depletion of CD4 ϩ cells from wild-type and CCR2 Ϫ/Ϫ mice when they were analyzed at day 7. The level of depletion at day 7 was independent of the day that treatment was initiated.
Organ culture for H. capsulatum. Organs were homogenized in sterile HBSS and then serially diluted and plated onto Mycosel agar (Becton Dickinson) plates containing 5% sheep blood and 5% glucose. The plates were incubated at 30°C for 1 week. The limit of detection was 1 ϫ 10 2 CFU. RNA isolation and cDNA synthesis. Total RNA was isolated from whole lungs of mice using TRIzol (Invitrogen, Carlsbad, CA). Oligo(dT)-primed cDNA was prepared by using the reverse transcriptase system (Promega, Madison, WI) according to the manufacturer's instructions.
Quantitative real-time PCR. Quantitative real-time PCR for analysis of cytokine transcription was performed using TaqMan master mixture and primers obtained from Applied Biosystems (Foster City, CA). Samples were analyzed with an ABI Prism 7500 (Applied Biosystems). For IL-12, we assessed transcription of IL-12p35. In each experiment, the hypoxanthine phosphoribosyl transferase housekeeping gene was used as an internal control. The conditions used for amplification were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.
Measurement of IL-4 by ELISA. Lungs were homogenized in 5 ml of HBSS and centrifuged. IL-4 was quantified by using an enzyme-linked immunosorbent assay (ELISA) kit, which was purchased from Endogen (Cambridge, MA).
Isolation of lung leukocytes. Lungs were homogenized in HBSS using a gentleMACS dissociator (Miltenyi Biotec, Auburn, CA). The resulting preparation was filtered through 60-m nylon mesh (Spectrum Laboratories Inc., Rancho Dominguez, CA) and washed with HBSS. Leukocytes were isolated by Lympholyte M (Cederlane Laboratories, Ontario, Canada) separation.
Flow cytometry. The phenotype of cells from mouse lungs was determined by incubating lung leukocytes with the antibodies indicated below and CD16/32 to limit nonspecific binding. Leukocytes were stained at 4°C for 15 min in HBSS containing 1% bovine serum albumin (BSA) and 0.01% sodium azide. Cells were stained with combinations of the following antibodies: phycoerythrin-conjugated I-A b CD40, CD80, CD86, and CD8; peridinin chlorophyll protein (PerCP)-conjugated CD11b, CD11c, and CD4; and allophycocyanin (APC)-conjugated CD45.1, CD11c, and CD3 from BD Biosciences (San Jose, CA). Cells were washed and resuspended in 1% paraformaldehyde to fix them. Experiments with appropriate isotype controls were performed in parallel. The analysis was performed utilizing a FACSCaliber (BD Biosciences) flow cytometer, and the results were analyzed with the FCS Express software.
Statistics. Analysis of variance (ANOVA) with the Tukey test was used to compare multiple groups, while Student's t test was used to compare two groups. Survival was analyzed using log rank. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

IL-4 transcription in lungs of H. capsulatum-infected mice subsequent to adoptive transfer of BMDC.
Our previous data demonstrated that an elevated IL-4 level in lungs of H. capsulatum-infected mice deficient in CCR2 or CCL7 and CCL2 impairs fungal clearance (43) . An increase in the IL-4 level in these mice was associated with a profound decrease in the proportion of conventional DC (CD8 Ϫ cDC) in the lungs. In contrast, IL-4 production, the percentage of CD8 Ϫ cDC in lungs, and survival were not affected by the absence of CCL2, suggesting that recruitment of DC is important for regulation of IL-4 and resolution of infection. To determine if an increase in the number of DC in the lungs could influence IL-4 generation, we adoptively transferred BMDC loaded with yeast cells (Ag-BMDC) i.n. to CCR2 Ϫ/Ϫ mice prior to infection. Ag-BMDC were fully matured in vitro before they were transferred with anti-CD40 and LPS to promote generation of proinflammatory cytokine-producing BMDC capable of restricting IL-4 production, as described previously (48) . These cells exhibited upregulation of I-A b , CD40, CD80, and CD86 ( Fig. 1) . The chronology of the transfer of DC is shown in Fig.  2A . Transfer of mature wild-type (WT) Ag-BMDC (treated with LPS and anti-CD40), but not transfer of immature Agfree BMDC (not exposed to LPS and anti-CD40), suppressed IL-4 transcription in lungs (Fig. 2B ). CCR2
Ϫ/Ϫ Ag-BMDC also decreased the IL-4 level in the lungs when they were was transferred into CCR2 Ϫ/Ϫ mice (Fig. 2B) . As a control, we assessed the ability of Ag alone to limit IL-4 production and found that exposure to heat-killed H. capsulatum without BMDC had no effect (Fig. 2B) . We confirmed that transfer of WT Ag-BMDC decreased IL-4 protein levels and suppressed transcription (Fig. 2C) .
We questioned if transfer of Ag-BMDC could reduce the IL-4 level in WT mice, which have relatively low levels of IL-4 compared to CCR2 Ϫ/Ϫ mice. The transcription of IL-4 7 days postinfection in the lungs of WT mice that received Ag-BMDC was decreased (P Ͻ 0.05) compared to the transcription in WT mice or WT mice that received Ag-free BMDC (Table 1) .
Requirements for stimulating donor bone marrow-derived cells to suppress IL-4. We investigated how antigen exposure and maturation contributed to IL-4 regulation. Transfer of WT BMDC matured with LPS and anti-CD40 to CCR2 Ϫ/Ϫ mice did not reduce (P Ͼ 0.05) IL-4 transcription in the lungs of these mice (mean log 10 relative quantification [RQ] Ϯ standard error of the mean [SEM], 2.18 Ϯ 0.12; n ϭ 3) compared to IL-4 transcription in CCR2
Ϫ/Ϫ controls (mean log 10 RQ Ϯ SEM, 1.90 Ϯ 0.19; n ϭ 6). In contrast, Ag-BMDC not exposed to LPS and anti-CD40 still limited IL-4 transcription (mean log 10 RQ Ϯ SEM, 0.80 Ϯ 0.17; n ϭ 6). To determine if BMDC had to be exposed specifically to H. capsulatum antigen, we treated BMDC with OVA (OVA-BMDC) prior to transfer. Inoculation of CCR2 Ϫ/Ϫ mice with OVA-BMDC did not reduce the IL-4 level (Fig. 2B) . We questioned whether BMDC differentiated with FLT3 could also limit IL-4 transcription since these BMDC have a different phenotype than GM-CSF-expanded BMDC (12) . Transfer of these Ag-BMDC reduced (P Ͻ 0.05) IL-4 transcription in CCR2 Ϫ/Ϫ mice compared to the transcription in untreated CCR2
Ϫ/Ϫ mice ( Table 2 ).
We asked if the H. capsulatum CW/M (17) could mimic the effect of heat-killed yeast cells. BMDC exposed to CW/M for 24 h prior to transfer suppressed (P Ͻ 0.05) IL-4 transcription in lungs of CCR2 Ϫ/Ϫ mice (mean log 10 RQ Ϯ SEM, 0.95 Ϯ 0.10; n ϭ 6) compared to the IL-4 transcription in lungs of CCR2 Ϫ/Ϫ mice that did not receive BMDC (mean log 10 RQ Ϯ SEM, 1.72 Ϯ 0.22; n ϭ 6). We postulated that the immunodominant H. capsulatum antigen HSP60 (39) may be responsible for IL-4 regulation; however, BMDC exposed to HSP60 alone did not limit IL-4 generation in lungs of CCR2 Ϫ/Ϫ mice (mean log 10 RQ Ϯ SEM, 1.50 Ϯ 0.18; n ϭ 6).
IL-12 production by DC is associated with a decrease in IL-4 generation (24, 26, 30) ; therefore, IL-4 regulation in CCR2 Ϫ/Ϫ mice that receive BMDC could be a result of IL-12 production rather than DC-mediated Ag presentation. To address this possibility, we measured IL-12 transcription by BMDC prior to transfer. Mature OVA-BMDC and mature untreated BMDC that did not reduce the level of IL-4 in vivo actually transcribed the largest amounts of IL-12 (Fig. 2D) .
Distinguishing endogenous and donor BMDC in lungs. An increase in the number of DC in the lungs of adoptively transferred CCR2
Ϫ/Ϫ mice correlated with a reduction in the IL-4 level. CCR2
Ϫ/Ϫ mice that received WT Ag-BMDC exhibited increases in the relative percentage and absolute number of lung DC 7 days postinfection, whereas transfer of WT Ag-free BMDC did not increase the number of DC beyond the number in CCR2 Ϫ/Ϫ controls ( Fig. 3A and 3B ). We asked if the increased number of lung DC were donor Ag-BMDC or host lung DC. (Fig. 4) . Transfer of Ag-free BMDC had no effect in WT mice and increased the fungal burden in the lungs and spleens of CCR2 Ϫ/Ϫ mice (Fig. 5) . Unexpectedly, addition of Ag-BMDC did not decrease the fungal burden in WT or CCR2 Ϫ/Ϫ mice ( Fig. 5 ) despite lower IL-4 levels. Transfer of FLT3-derived Ag-BMDC did not reduce (P Ͼ 0.05) the fungal burden in the lungs compared to the fungal burden in the lungs of CCR2 Ϫ/Ϫ mice ( Table 2) . We addressed the possibility that exposure to heat-killed H. capsulatum had a deleterious effect that negated any Ag-BMDC-mediated yeast clearance since heat-killed yeast cells suppress M (32) and DC IL-12 generation (Fig. 5) . Exposure to heat-killed yeast cells alone prior to infection impaired the clearance of H. capsulatum in WT and CCR2 Ϫ/Ϫ mice (Fig. 5) .
Analysis of infected populations in CCR2
؊/؊ mice that received BMDC. We investigated how the absence of CCR2 and adoptive transfer of BMDC affected the distribution of yeast cells among phagocytes since this could help identify populations that provide a reservoir for yeast growth. At day 7 postinfection the majority of GFP ϩ H. capsulatum cells were associated with DC in the lungs of WT or CCR2 Ϫ/Ϫ mice that received Ag-BMDC, whereas in CCR2 Ϫ/Ϫ mice the proportion of yeast cells within DC was decreased (Fig. 6A) . In CCR2 Ϫ/Ϫ mice inoculated with Ag-free BMDC there was a further reduction in the percentage of yeast cells within DC (Fig. 6A) Ϫ/Ϫ mice (Fig. 6B ). The percentage of infected CD11c Ϫ CD11b ϩ phagocytes was increased in CCR2 Ϫ/Ϫ mice compared to WT mice and was increased further in CCR2 Ϫ/Ϫ mice that received Ag-free BMDC (Fig. 6B) . Additionally, a remarkable increase in the number of infected CD11c Ϫ CD11b ϩ phagocytes was observed in CCR2
Ϫ/Ϫ mice that received Ag-free BMDC compared to WT or CCR2 Ϫ/Ϫ mice (Fig. 4C ). Both CCR2 Ϫ/Ϫ mice immunized with Ag-BMDC and CCR2 Ϫ/Ϫ mice immunized with Ag-free BMDC exhibited an increase in the absolute number of infected DC compared to CCR2 Ϫ/Ϫ mice but not compared to WT mice (Fig. 6C) .
Although fluorescence-activated cell sorting (FACS) analysis allowed us to examine the number and types of infected cells, the number of yeast cells per cell could be different in different in- Table 4) .
Cytokine production in lungs of BMDC-immunized CCR2
؊/؊ mice. We assessed proinflammatory cytokine production in lungs of mice that received BMDC since a reduction in this production could contribute to yeast persistence. Transfer of Ag-BMDC resulted in decreased levels of TNF-␣ and IFN-␥ in the lungs of CCR2 Ϫ/Ϫ mice compared to the lungs of untreated WT or CCR2 Ϫ/Ϫ mice at 7 days postinfection (Fig.  7A) . Transfer of Ag-free BMDC to CCR2 Ϫ/Ϫ mice did not alter generation of these cytokines (Fig. 7A) . Transcription of IL-10, which is deleterious to host resistance (9), was not modulated in immunized mice, and despite the ability of Ag-BMDC to suppress IL-4 transcription, transcription of the TH2 cytokine IL-13 was not reduced in the lungs of CCR2 Ϫ/Ϫ mice that received Ag-BMDC (Fig. 7A) .
We examined TNF-␣ and IFN-␥ levels in WT mice given Ag-BMDC to ascertain if a decrease in the TH1 cytokine response was attributable to the absence of CCR2. The TNF-␣ and IFN-␥ levels were not decreased in the lungs of WT mice that received Ag-BMDC or Ag-free BMDC (Fig. 7B) . To determine if decreased TNF-␣ or IFN-␥ levels were an effect of exposure to heat-killed H. capsulatum Ag, we measured cytokine production in Ag-immunized mice that did not receive BMDC. Ag alone did not decrease cytokine production in CCR2 Ϫ/Ϫ mice (Fig. 7C ).
DC interaction with CD4 ؉ T cells is critical for reducing the IL-4 level. DC interaction with CD4
ϩ T cells through MHCII antigen binding to the T-cell receptor (TCR) activates T cells and regulates cytokine production (21, 30, 33) . To determine if DC-mediated regulation of IL-4 was dependent on MHCII antigen presentation, we transferred MHCII Ϫ/Ϫ Ag-BMDC into CCR2 Ϫ/Ϫ mice. Ag-BMDC lacking MHCII did not suppress IL-4 production (Fig. 8A) . We then asked if DC interaction with CD4 ϩ T cells was necessary for restriction of IL-4 production. We previously demonstrated that CD4 ϩ T cells from CCR2 Ϫ/Ϫ mice transcribe more IL-4 than WT CD4 ϩ T cells transcribe after H. capsulatum infection (43) . CD4 ϩ T cell depletion in CCR2 Ϫ/Ϫ mice starting at the time of infection did a The data are means Ϯ SEM (n ϭ 6) and are pooled data from two experiments. IL-4 transcription was normalized to transcription in uninfected lungs.
b P Ͻ 0.05 compared to no cells or to mice that received Ag-free BMDC. (43) . However, if depletion was started prior to infection, the IL-4 level was significantly reduced (Fig. 8A) . Subsequently, we examined how quickly CD4 ϩ T cells are depleted from lungs after MAb treatment in CCR2 Ϫ/Ϫ mice. After 24 h, the number of CD4 ϩ T cells was reduced by ϳ50%, whereas by 48 h the number of CD4 ϩ T cells was reduced by Ͼ90% (n ϭ 4).
Although CD4 depletion prior to infection reduced the IL-4 level in CCR2 Ϫ/Ϫ mice, the fungal burden was not significantly reduced ( Fig. 8B and 8C) . Conversely, addition of Ag-BMDC to CCR2 Ϫ/Ϫ mice in which CD4 ϩ T cells were depleted prior to infection reduced the IL-4 level and the fungal burden in the lungs at days 7 and 14 compared to the results for untreated CCR2 Ϫ/Ϫ mice ( Fig. 8A to 8C) , and all mice survived (Fig. 8D) . At day 42 postinfection the fungal burden in the lungs was sharply reduced to 3.39 Ϯ 0.1 log 10 CFU (n ϭ 6). As a control, we investigated if an interaction between DC and CD8 ϩ T cells regulated IL-4 production.
Depletion of CD8 ϩ T cells in CCR2
Ϫ/Ϫ mice did not reduce the level of IL-4, whereas in CD8-depleted CCR2 Ϫ/Ϫ mice that received Ag-BMDC the level of IL-4 was reduced compared to the level in untreated CCR2 Ϫ/Ϫ mice (Fig. 8A ). The fungal burden was elevated in CD8-depleted CCR2 Ϫ/Ϫ mice immunized with Ag-BMDC compared to the fungal burden in CCR2 Ϫ/Ϫ mice (Fig. 8B ). CD4 ϩ T cells are critical for resolution of H. capsulatum infection (6); thus, the finding that fungal clearance was increased in CD4-depleted CCR2 Ϫ/Ϫ mice injected with Ag- Ϫ/Ϫ mice ( Fig. 8E and   8F ), but a decrease in the fungal burden was associated with increases in the proportion and number of CD8 ϩ T cells in the lungs (Fig. 8G and 8H ). WT mice that received Ag-BMDC in which CD4
ϩ T cells were depleted prior to infection exhibited an increase in the number of CD8 ϩ T cells in the lungs, but the difference was not statistically significant (P Ͼ 0.05) when the data were compared to data for untreated WT or CD4-depleted WT mice on day 7 postinfection (data not shown). In WT mice in which CD4 ϩ T cells were depleted, as well as CD4-depleted WT mice that received Ag-BMDC, there was reduced (P Ͻ 0.05) IL-4 transcription in the lungs at day 7 compared to the transcription in the lungs of the WT mice ( Table 5 ). The fungal burdens in the lungs of these groups were similar (P Ͼ 0.05) to the fungal burden in the lungs of untreated WT mice (Table 5) .
DISCUSSION
In this study, we demonstrated that the level of IL-4 in the lungs of H. capsulatum-infected CCR2 Ϫ/Ϫ mice was reduced sharply by adoptive transfer of H. capsulatum-exposed DC. However, transfer of these cells did not improve fungal clearance. The failure to improve fungal elimination was associated with slightly diminished TH1 cytokine production, which may have contributed to the inability to reduce the fungal burden despite reduced IL-4 levels. In contrast, transfer of Ag-free BMDC actually increased the IL-4 level and exacerbated in- Ϫ/Ϫ mice that received Ag-free BMDC was associated with a higher number of infected CD11c Ϫ CD11b ϩ phagocytes. Ag-BMDC-mediated regulation of IL-4 was dependent on MHCII antigen presentation to CD4 ϩ T cells. Accelerated fungal clearance in CCR2 Ϫ/Ϫ mice was observed only for mice that received Ag-BMDC and in which CD4
ϩ T cells were depleted prior to infection. These results indicate that in CCR2 Ϫ/Ϫ mice, this population of T cells inhibits protective immunity.
The absence of CCR2 decreases recruitment of DC to infected tissues in mice exposed to H. capsulatum or other organisms (20, 33, 34, 43, 45) . In lungs of CCR2 Ϫ/Ϫ mice infected with C. neoformans or H. capsulatum, elevated IL-4 levels accompany decreased DC infiltration. These results imply that the number of DC at the site of infection is important for cytokine regulation (34, 43, 45) . Suppression of IL-4 production required an increase in the number of BMDC that bore antigen. These results suggest that antigen presentation must occur for IL-4 regulation to occur. The failure of Ag-free BMDC, OVA-BMDC, or MHCII Ϫ/Ϫ Ag-BMDC to limit IL-4 production supports this contention.
One obvious possible explanation for the decrease in the IL-4 level is that IL-12 generation was elevated in Ag-BMDC. This possibility is unlikely since OVA-BMDC and Ag-free BMDC produced the same amount of IL-12 or more IL-12, yet the level of IL-4 was not decreased. Moreover, transfer of Ag-BMDC did not increase the level of IL-12 in vivo (Fig. 5) . Collectively, the data support the contention that decreased recruitment of DC capable of antigen presentation promotes type 2 immunity in CCR2
Ϫ/Ϫ mice. The ability of BMDC to limit the IL-4 level was dependent on the presence of exposure to antigen. We principally employed heat-killed H. capsulatum yeast cells as a source of antigen to a priori provide the broadest array of antigens to DC. We heat killed organisms at 60°C for 30 min, and it is unlikely that this treatment altered the structure of antigenic peptides that were potentially presented. Interestingly, our crude extract, CW/M, which was largely composed of glycoproteins (17) , mimicked the effect of heat-killed yeast cells, but the protective antigen HSP60 did not. These results indicate that although HSP60 is useful as a vaccine, it does not drive the suppression of IL-4 production by Ag-pulsed DC. IL-4 regulation by Ag-BMDC was associated with an increase in the number of lung DC at the peak of infection. Donor Ag-BMDC constituted only a small proportion of these cells at this time. The fact that host DC were more prominent may have been a result of inefficient transfer or cell death of donor Ag-BMDC before day 7. Alternatively, yeast-laden DC may have trafficked to lymph nodes. Indeed, donor CD45.1 ϩ DC were detected in mediastinal lymph nodes by day 3 postinfection (data not shown). We previously demonstrated that IL-4 neutralization in CCR2 Ϫ/Ϫ mice does not alter cell recruitment (43); therefore, the increased number of DC in lungs of CCR2 Ϫ/Ϫ mice inoculated with Ag-BMDC cannot be attributed strictly to reduced IL-4 production. However, decreased TNF-␣ production in lungs of these mice may promote DC survival since this cytokine induces apoptosis during H. capsulatum infection (2) . An additional possibility is that the increased number of CD8 ϩ T cells affects the number of DC. Some evidence suggests that T cell interaction with mature, Ag-presenting DC is critical for preventing DC death (11) .
Expression of CCR2 on Ag-BMDC was not required for limiting IL-4 generation. Previous in vitro studies indicated that CCR2 ϩ DC produce more IL-4 than their CCR2 Ϫ counterparts and induce T cells to generate more IL-4 (13) . Our findings unequivocally demonstrate that CCR2 expression was dispensable for IL-4 regulation. The data support the hypothesis that CCR2 regulation of IL-4 production is mediated indirectly through recruited DC.
DC induce IL-4 production by CD4 ϩ T cells and NK cells (24, 29, 42, 48) . DC in lungs of infected CCR2 Ϫ/Ϫ mice exhibited a phenotype consistent with TH2 cytokine instruction. A decreased proportion of CD8 Ϫ cDC expressed CD40, a costimulatory molecule that restricts IL-4 production by CD4 ϩ T cells (22) . In addition, DC from CCR2 Ϫ/Ϫ mice bear less MHCII than control DC (43) . Taken together, these alterations may contribute to increased IL-4 production by CD4 ϩ cells (24) . The increase in IL-4 production in infected CCR2 Ϫ/Ϫ mice is also attributable to greater production by CD8 Ϫ cDC than by WT DC (43) . The significance of this finding is that excess IL-4 amplifies signaling via IL-4R␣ to promote DC-mediated TH2 polarization (47) .
Inoculation with Ag-BMDC limited IL-4 production without promoting the TH1 immune response in WT and CCR2 Ϫ/Ϫ mice. This finding differs from the results for Leishmania major infection, in which transfer of mature, Ag-specific BMDC to BALB/c mice decreased IL-4 production, increased IFN-␥ production, and improved infection (48) . Surprisingly, the levels of IFN-␥ and TNF-␣, two cytokines critical for resolution of H. capsulatum infection (3, 51) , were reduced in CCR2 Ϫ/Ϫ recipients of Ag-BMDC but not in WT recipients of Ag-BMDC. The decreases in the levels of these two pivotal cytokines could explain, in part, why the fungal burden was not reduced in CCR2 Ϫ/Ϫ mice despite a reduction in IL-4 production. The decreases in the TNF-␣ and IFN-␥ levels were not caused by T cell-mediated suppression. Both CD4-depleted and CD8-depleted CCR2
Ϫ/Ϫ mice that received Ag-BMDC exhibited similar reductions in these cytokines.
The higher fungal burden in CCR2 Ϫ/Ϫ mice that received Ag-free BMDC implies that an elevated IL-4 level creates an environment permissive for yeast growth. Uncontrolled yeast replication in untreated CCR2
Ϫ/Ϫ mice and CCR2 Ϫ/Ϫ mice that received Ag-free BMDC was associated with an increase in the number of infected CD11c Ϫ CD11b ϩ phagocytes compared to the number in WT mice. This population contains CD11c Ϫ Mac3 ϩ tissue M that in CCR2 Ϫ/Ϫ mice harbor more yeast cells per M than the corresponding WT population. The increase in the yeast cell burden in M from infected CCR2 Ϫ/Ϫ mice was attributable to the presence of alternatively activated M (43) . Similar to the findings for H. capsulatum, transfer of immature BMDC to C. neoformans-infected mice increased the fungal burden (18) , demonstrating that donor BMDC can dampen immunity; however, H. capsulatum infection differs from C. neoformans infection in that transfer of Ag-free BMDC, but not transfer of Ag-BMDC, to CCR2 Ϫ/Ϫ mice resulted in a worse condition. Other differences between these two fungi should be stressed. C. neoformans resides extracellularly as well as intracellularly, it is larger, and it secretes an immunomodulatory capsule. Unlike the findings for transfer of Ag-exposed BMDC to C. neoformans-infected mice, a further increase in the IL-4 level was not observed in lungs and therefore cannot account for the higher fungal burden. Possibly, Ag-free BMDC provide a reservoir for yeast replication early in infection in an environment where there is excess IL-4. In CCR2 Ϫ/Ϫ mice there was an increase in the number of yeast cells per DC, suggesting that DC can promote yeast survival when the IL-4 level is elevated. CD4 ϩ T cells, as well as phagocytes, contribute to elevated IL-4 levels in lungs of CCR2 Ϫ/Ϫ mice at the peak of infection (43). Our data described here provide evidence that CD4 ϩ T cell production of IL-4 early in infection promotes production at later time points. IL-4 levels were reduced in CCR2 Ϫ/Ϫ mice by depletion of CD4 ϩ T cells prior to infection but not at the time of infection. Complete elimination of CD4 ϩ T cells required 48 h following MAb administration. Thus, mice treated at the time of infection still have IL-4-producing CD4 ϩ T cells that amplify the type 2 response early after exposure to the fungal pathogen. The timing of CD4 ϩ T cell elimination was critical. Within the narrow 48-h window there was sufficient stimulus to propagate and maintain the type 2 immune response. CD4 ϩ T cells are required for resolution of primary H. capsulatum infection in WT mice (6); thus, it was found that 
